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NEW YORK STATE DEPARTMENT OF TRANSPORTATION 
SOIL MECHANICS BUREAU 


"THE ROLE OF THE WAVE EQUATION 
IN RATIONAL DESIGN OF PILE FOUNDATION" 


RATIONAL PILE FOUNDATION DESIGN PROCEDURE 


-I. SUBSURFACE CONDITIONS DETERMINATION 


1. Perform subsurface explorations and construct a soil pro- 
file including layer boundaries and possible obstructions, 
man-made or natural. 


2. Assign engineering parameters to each soil layer using all 
available subsurface information, after completion of a 
Lesting programs (rriction angle, cohesion, density, etc.) 


3. Identify and classify zones in the soil profile according 
to whether they are favorable or unfavorable with respect 
to foundation performance, i.e. a) Favorable: Strong, 
relatively incompressible, b) Unfavorable: Weak, compressible. 


II. LOAD ANALYSIS 


Determine the nature and magnitude of the loads to be supported 
and the probability of their occurrence to facilitate the selection 
of a foundation design. 


Lil... ALTERNATE DESIGNS 


At this point, reconsider all other foundation types and treat- 
ments which would provide a viable alternate to a pile foundation. 


IV. FRICTION PILE ANALYSIS 


1. A qualitative analysis of potentially suitable pile types 
is made by successively evaluating support capacity in each 
of the favorable zones of the subsurface profile. Include 
an evaluation of detrimental effects of all overlying 
(Negative Skin Friction) and underlying (settlement) un- 
favorable zones. Eliminate all obviously jumsatisfactory 
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alternatives. For each appropriate pile type choose a 
diameter and reasonable load per pile and calculate a pile 
length using a static analysis. Determine if this pile 


length and type satisfies the design requirements for deflec- 


tion and moment under the applied lateral load. (See 
Appendix A) 


2. Estimate the installation problems to be encountered for 
Gach particular pile “type, ‘ise. vibration, damage to 


existing structures, noise pollution requirements, pile heave, 


necting, corrosion, discontinuities, etc,, and eliminate 
unsuitable alternatives. 


3. Make an economic comparison of remaining suitable alter- 
natives using a cost per pile or a cost per ton-ft. of 
piles as the economic factor. “'Choose final ‘designs. 


4. Determine if pile load tests (Static, Constant Rate of 
Penetration, or Dynamic) are needed. If so include the 
procedure in the contract documents and decide whether 
to(drive "the test pile ‘to la-resistance or an elevation, 


5. Establish necessary restrictions on installation; Tolerance 
requirements, jetting limitations, limitations on the use 
of spuds or followers. Include a generalized soil profile 
including relevant test data (See Figure 1) and all 
pertinent special notes to alert the Contractor of unusual 
foundation conditions or special requirements. (See Appendix 


V. END BEARING PILES 


In the event rock or a suitable dense layer is shallow enough 
to reach economically, End Bearing Piles should be considered 
for use. The design pile load is then established based on the 
bearing capacity of the dense soil: or rock, the structural 
capacity of the pile and lateral load requirements. 


VI. DESIGN REVIEW 


A foundation engineer (preferably the engineer involved) should 
review the contract proposal and plans to determine if the con- 
tract documents are clear as to what the Contractor must do. 
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VII. CONSTRUCTION CONTROL 


After a project has been let for construction the Contractor 
must submit details of the pile driving equipment he intends 
on tisingy (Seer Pigures2) aeWe:thenieither accept! or! reject 
this equipment based on wave equation analyses which test the 
capability of the equipment to drive the designated pile to 
the estimated length without damage. If the driving system is 
adequate, we then will specify the required blow count and 
other pertinent data to the Contractor. 


VIII. APPLICATION OF STATIC ANALYSIS AND WAVE 
EQUATION ANALYSIS FOR CONSTRUCTION CONTROL 


Wave equation analyses for construction control are generally 
begun on receipt of a Pile and Driving Equipment Data form (See 
Figure 2). This form is completed by the Contractor and sub- 
mitted to the State at Least 2sweeks prior to starting pile 
driving. This information is combined with previously determined 
soil properties and static analyses to perform wave equation 
analyses. 3 


A. Typical Wave Equation Analysis for a Friction Pile 


Our most common usage of the wave equation analysis is to 
determine driving criteriasitor friction piles.» The output 
from this analysis is compared with actual field results 

to determine if the design capacity is being attained at 
the estimated length. If the actual blow count is less 
than the predicted, an immediate review must be made of all 
facets of the design to determine cause. Commonly encountered 
problems involve underestimating temporary remolding of the 
subsoil or only analyzing the initial pile driven when the 
design has included the effect of densification due to pile 
group installation. 


Figures 3A, B, and C-l through C-8 illustrate a simple typical 
friction pile analysis and wave equation input and output. 

The bearing graph shown in Figure 3C-8 is of most interest 

to field personnel because of the obvious relationships 
between capacity, stroke, blow count, and stress. 
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B. Typical Wave Equation Analysis for an End Bearing Pile 


For many years little attention was paid to installation 

of end bearing piles other than obtaining the established 
blow“count criteria for t'retisal! or: "practical refusal!" 
This lack of knowledge regarding the destructive capability 
of the hammer-pile system led to many damaged piles which 
were unnecessarily overdriven. 


Figures 4A, B, and C-l through C-8 illustrate a simple 
typical end bearing pile analysis. Note in Figure 4C-8 
the rapid increase in stress with increasing stroke and 
blow count. 


At the time of driving certain subsurface conditions may exist 
that will greatly influence the required blow count obtained from 
the wave equation. Additional static analyses will be required to 
provide proper input to the wave equation. Commonly encountered 
situations and methods of solution are described below. 


A. Soils Subject to Remolding During Pile Driving 


During pile driving certain types of soil, namely silts and 
clays, exhibit a temporary loss of strength. The following 
procedure should be used to account for this phenomenon and 
the resulting low pile blow counts. (Figure 5) 


1. Perform static analysis as in Appendix A to: determine 
the length required for design capacity. 


2. Using this length and remolded soil strengths (see 
Refs. 11 and 12) recompute the soil resistance along 
the pile and the capacity. 


3. Input the remolded resistance and capacity values into 
the wave equation to determine required pile blow count 
at time of driving. 


4, If the amount of soil strength regain (set-up) is in 
question, a retap of a previously driven pile should be 
made and the resulting blow count compared with wave 
equation results from the original static analysis and 
actual design capacity. The duration of time between 
driving and retap should be based on an analysis of 
the drainage properties of the soil. es Soha 
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Soils Subjected to Scour 


The foundations for structures at water crossings must be 
designed to sustain extreme flooding which will cause erosion 
or scour at piers. Therefore, piles are designed to achieve 
the design load: below the depth of scour. However, the pile 
blow count at the time of driving will reflect penetration 

of the soil within the zone of scour. (Figure 6) 


1. Estimate depth of maximum anticipated scour. 
(See Ref. 13) 


2. Perform static analysis to determine pile length for 
required design capacity assuming zero soil resistance 
tO, Scour cept. 


3. Using that pile length, recompute actual soil resistance 
and actual pile capacity by including soil resistance 
Within scour: zone, 


4. Input actual soil resistance and actual pile capacity 
into wave equation to determine required pile blow count 
at Cnelerineeorsdrivines. 


Unfavorable Soil Deposit 


Pile foundations often must completely penetrate deposits of 
favorable soil (or recent fill) and unfavorable soil which 

overlie the bearing ‘stratum. Although these overlying layers 
do not contribute soil resistance to the design pile capacity, 
this resistance must be considered at the time of pile driving 
unless preaugering is utilized. (Figure 7) 


1. Perform static analysis to determine length of pile 
required in the proposed bearing stratum. Then determine 
total length. 


2. Using that length recompute soil resistance including 
overlying soil layers and determine resulting capacity 
at time of pile driving. 


3. Input the recomputed values into the wave equation to 
determine required blow count. 
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APPENDIX A 


I. STATIC ANALYSIS FOR PILE. BEARING CAPACITY 


Bearing Capacity of a Single Pile - For each pile type under 
consideration a length will be determined, based upon the 
ultimate strength of the pile-soil system. 


i. 


Structural capacity of the Pile - Determine the 
allowable load on the pile based on structural 
considerations alone, e.g. building code stresses. 
See Table 13-1 in Ref. #4 or Ref. #1. 


Bearing Capacity of the Soil - A pile length is 
determined based on the ultimate shear strength 

OfP the SOL isinevearsarely. factor of 2. The 

method of calculating the bearing capacity is based 
on soil type. 


a. Cohesionless Soil (c=o) - In granular materials 
two methods of analysis are used; for preliminary 
lengths use the approach as found in Broms 
(Ref. #2), for final lengths use Nordlund's 
Analysis (Ref. #8). 


es Preliminary (Ref. #2) 


a. End Bearing in TSF=2.5N(Stand. Penetration 
Resistance) 
bo. Skin Friction in. TSF=.02 N 


2. Nordlund's Analysis - This method is the best 
available for cohesionless soils. It accounts 
for more factors than any other equation. 
Densification of the soil due to pile driving, 
overburden reduction, pile volume, pile material, 
pile taper all these factors can be included in 
the calculation of bearing capacity. (See Ref. #8) 


b. Cohesive Soils (@=0) - In cohesive soils a preliminary 
method is used based on the Standard Penetration Test 
and a more detailed method based on an empirical method 
by Tomlinson. 
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1. Preliminary - Undrained Shear Strength = N/8 
(Ref. #2) 


2eo elomlinsour-.lneradieston “of*clay ‘soils to*piles 
is based on pile material and the strength of 
the clay. The stronger and stiffer the clay 
the more the adhesion is. reduced relative to 
the shear strength of the soil (Ref. #10, 
Ref. #1 and Ref. #7). Also, in a layered 
System see Ref. #9., Tomlinson has taken into 
account (the antrusion of upper layers carried 
into lower ones. Shear strength is based on a 
conservative interpretation of Laboratory and 
Field Testing Programs. 


3. As a check, Broms Ref. #2 can be used to provide 
a range of results. These adhesion values are 
very conservative. 


c., Siltysoils: (0-& ¢.soils) Generally silts are analyzed 


similar to clays, using Tomlinson's analysis. However, 
the results should be checked with a drained analysis, 
(See Ref. #12, Chap. 21) assuming a drained friction 
angle. 


Bearing Capacity of Pile Groups - This analysis is subdivided 


by soil type but in general ‘the capacity of a pile group 
depends on the pile spacing. 


if, 


Cohesive Soils - As per Ref. #7 the efficiency factor 
varies between 0.7 at a pile: spacing of 3 pile diameters, 
to 1 at a spacing equal to 8 pile diameters. For spacings 
less than 3 the group fails as a block. 


Cohesionless Soils - For sands and gravels and efficiency 
factor of 1°is a good design value as in Ref. #7. 


Il. SETTLEMENT 


Settlement of a Pile Foundation - Settlement prediction is perhaps 
the least accurate of the aspects of pile design. For long term 
settlement of a pile group, the 2/3 rule method as outlined in 
NAVDOCKS Ref. #4 is used. 
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III. NEGATIVE SKIN FRICTION 


Negative skin friction is caused by a relative downward movement 
of the soil surrounding a pile. All available downdrag or negative 
skin friction will be mobilized whenever there is more than 0.4" 
relative movement between pile and soil in cohesionless soils 
and 0.2" relative movement in cohesive soils. Therefore, where- 
ever such movements can occur, negative skin friction should be 
accounted for. Please note that although Tomlinson's adhesion 
values are conservative when used in bearing capacity analyses, 
unconservative negative skin friction values will result unless 
the adhesion values are increased. At present NAVDOCK'S Ref. #4 
gives the most general method for determining negative skin 
friction. However, for end bearing piles Garlanger (Ref. #6 and 
Fellenius (Ref. #5) are promising methods. 


IV. LATERAL LOAD ANALYSIS 


The relationships between applied lateral load, pile moment and 
deflection, and soil parameters are determined for a single pile 
by a method developed by Reese et al (References 14, 15, 16, 17). 
This method includes many pertinent design variables not accounted 
for in other methods, although a computer solution is required 

to incorporate all variables in the analysis. The computer pro- 
gram (code name COM 622) developed by Reese is available from 

the Computing Center, University of Colorado, Boulder, Colorado 
80302. More general cases with no axial loads and constant pile 
stiffness may be readily solved by hand using non-dimensional 
coefficients in the aforementioned publication or by Broms (Ref- 
erences 18, 19). As of now, no reliable method has been developed 
to ascertain pilesgroup effects. <The most promising method: for 
groups was developed by Poulos (Reference 20). 
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APPENDIX B 


TYPICAL SPECIAL CONTRACT NOTES FOR PILE DRIVING (NYS DOT) 


"Piles will be acceptable only when driven to pile driving 
criteria established by the Deputy Chief Engineer (Structures). 
Prerequisite to establishing these criteria, the Contractor 
Shali- submit, to gtnesDeputy Chier Engineer (Structures) and 
others as required, Form BD 138, 'Pile and Driving Equipment 
Data’. All information listed on Form BD 138 shall be pro- 
vided within fourteen (14) days after the award of the 

contract. Each separate combination of pile and pile driving 
equipment proposed by the Contractor will require the submission 
of a corresponding Form BD 138." 


"Tt is possible that difficult driving of piles may be 
encountered and it may be necessary to utilize mechanical 
equipment for removing consolidated material or boulders from 
the location of piles. This may be accomplished by various 
types of earth augers, well drilling equipment, or other 
devices to remove the consolidated material to permit piles 
to be driven to the desired depth or rated resistance without 
distorri ou. 


"Tf any obstructions to pile driving are encountered ten (10) 

eet or. lessofrom the bottom of the footing, the Contractor 
shall, if so ordered by the Engineer, pull the partially 
driven pile or piles and remove the obstruction, backfilling 
the hole with approved suitable material which shall be 
thoroughly compacted to the satisfaction of the Engineer. 
However, no partially driven pile shall be removed until the 
Engineer is satisfied that the Contractor has made every 
effort, to drives tketpi le through the obstruction. Payment 
for the excavation will be made at the unit price bid for 
the Structure Excavation Item and for the temporary sheeting 
under Item when sheeting is used. No other extra 
payment will be made for this work." 


"The ordered length of pile shall be measured below the cut- 
off elevation shown on the plans. Any additional lengths 

of pile or splices above the cut-off elevation necessary to 
facilitate the Contractor's operation shall be at his own 
expense," 
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"Piles for are driven because of possible scour 
of stream bed and shall be driven to the minimum lengths 
shown on the plans-regardless of the resistance to driving." 


"The Contractor's attention is directed to the tip elevations 
on rock for the H-piles which will laterally support ; 
The hammer provided to drive these piles must be capable of 
achieving the required penetration through the compact over- 
burden which may present hard driving conditions. To attain 


the necessary lateral resistance, these piles must penetrate 


tomthe, ledvesrockesumiace: sernerefore, prior to pile driving 
approval of the Deputy Chief Engineer (Structures) will be 
required in accordance with Section 629 of the specifications. 
This approach shall be based on a review and evaluation of 
data submitted by the Contractor on Form BD 138." 


"A static pile load test shall be performed at a location 
designated on the plans, or as specified by the Deputy Chief 
Engineer (Structures) in accordance with SCP-5 the Static 

Pile Load Test Manual. The pile load test shall consist of 
either the constant rate of penetration test or the maintained 
load test as specified. It shall be performed after a minimum 
seven. (/) day waiting period. The Contractor shall. prevent 
the test pile from rebounding during the waiting period and 
prior to application of the test loads. 


"Dynamic load tests will be conducted by representatives of 
New York State on the Static Load Test Pile and at Least one 


pile in each pier, or at other locations ordered by the Engineer. 


The Contractor shall furnish the appurtenant construction 
equipment necessary to perform the field tests in accordance 
with 'Furnishing Equipment for Dynamic Load Testing of Piles' 
Item." 


"Piles for the existing structure should be removed where 
they interfere with the pile driving for the new structure." 


"It shall be the Contractor's responsibility to place the 
cofferdams for Somenacethney wilt not interfere 
Withetheidriving= of patter piles. Pay lines for the 
cofferdams shall be as shown on the plans." 


"The general subsurface conditions at the site of this 
Structure are as shown on Drawing No. = 
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The seil ssmples used for these tests were extracted with a 14" nominal 


inside diareter sample spoon. 


2. The test method used for these grain size analyses conforms te ASTM Designation 
D422 as modified by Bureau of Soil Mechanice Teetnieal Manual No. TM{s) 64-2. 


3. Where samples frov more than one depth are noted, it was necessary to combine 
samples of insufficient material for individual grain size tests. ; 
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GENERAL NOTES 


Preliminary Structure Plons 
The subsurfsce explorations shown hereon were made between Moy 29,1975 to June 9,1975 by the 


Regione! < sls Section 
1) General soil and rock (where encountered) strata descriptions and indicatcd boundaries 
are hased on an engineering interpretation of all available subsurface inform>tion by the 
Soil Mechanics Bureau and may not necessarily reflect the actual varistion in subsurface 
conditions between borings and samples. Deta.led data and field int.. retaticns ot cop- 
ditions encountered in individual borings are shown n the subsutface exploration logs. 
2) The observed wacer levels and/or conditions indicated on the subsurface profiles are as 
recorded at the tire of exploration. These water levels and/or conditions may vary con- 
s.cerably, with time, according to the prevailing climate, rainfall or other factors and 
are otherwise dependent on the duration sf and methods used in the explorations progcam. 
3) Sound engineering judgment was exercised in preparing the subsurface inforcaticn pre- 
This information sas prepared and 1s intended for State dessgn and ectimate 
Its presentation on the plens or elsewhere is for the purpose of providing 
7) 2 ep intended ssers with access to the same informatiou available to the State. This subsurface 
aia > information interpretation is presented in good faith an is not intended as a substitute 
Owg Rekewed ) eb for persoral investigation, independent interpretations or judgment of the Contractor. 
oy ee +) ALL structure details shuwn hereon are for illustrative purposes only and may not be 
Checkes By /~ (, GGL A indicative of the final design conditions shown in the contract plans. i 
aaa a, Sad 5) Footing elevations shown are as indicared at the time of chis drawing § preparation. 
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The fotiowing tables summarize the descriptive information used on thie profile 


No ef Diows per foot of penetration of 2 inch O D 


(1-1/2 ch 1D) sampier vemg a 300 Ib drop 
Density (Non Plastic Sats) hammer (Siiachateli 
Very Loose 0-3 
cote 4-8 
Meduum Compact 9-20 
Compact 21-38 
Very Compact over 35 
Conasteacy (Pieetic Sota) 
Very Soft 0-2 
Soft 3-6 
Firm 7-12 
Sutf 13-20 
Hard over 20 


The system for describing soil moferiais shown on 
thin érowing is detailed m “An Engineering 
Description of Sols, Visucr-Monuel Procedure” 
Officre! issuance No 741-5 STP 2/74 prepared 


by the New York Stote Department of Tronsportetion 


ELEVATION A-A 
BORINGS PROJECTED PERPE ‘DICULAR TO SECTION LINE 
SCALE:I"=10' 
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DA-B-__; Drill Holes 





Observed Woter Level . | G U R Es | 


Loose Brown Grovelly SULT with Fibers 
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PILE AND DRIVING EQUIPMENT DATA 


Contract No.: 


HAMMER 


RAM 


i ANVIL 


CAPBLOCK 


PILESC AP 


CUSHION 


‘PILE 





Structure Name and/or No.: 


Pile Driving Contractor or Subcontractor: 


(Piles driven by ) 


Vantec ctgiee. ee Pe Model 
vis opera ere Ser igi Nope es ae ee 
Rolcumumergy) mee (Oe) Gengineoiestr one 


Explosive Force: 
(For diesel hommers) 
Romeo... 2 Ramalengtn: 


F For dissél hommers 
Ram Cross Sectional Area: ( aia) 


(With diesel hammers) Anvil Weight: __ 
Matar cummeee ee ee EP Eee ‘Area: 
a ae ee ee 
eOGU iremotecr emearci tyre te IPS 


Coefficiont of Restitution-e 





| Halmet. 


oe _ Weight: 

Anvil Block 

Drivehead 

Gime Teli Area: 
ok s 5 ere 
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Pale EUS 8 Se pat Oe i 
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WOllsiniceneSSee cc oe  Taper-::, 

Mote to) oe ee ee Weight sr te ae 

Design Pile OY erences eerareemrerntoens PONS.) 


Description of Splice: 


Tipe ee On ine nh USS Cr 1p11ON) 45 ee 


NOTE: If mandrel is used to drive the pile, attach separate 
manufacturers detail sheet{s) including weight ana 
dimensions. 
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PILE DESIGN LOAD | 100 TONS 
ULTIMATE SOIL RESISTANCE (SAFETY FACTOR = 2) 290 TONS 
LENGTH FOR 206 TON RESISTANCE 40 FEET 
PILE TYPE - - - 16 INCH DIAMETER PIPE, 0.344 INCH WALL 
CASE DAMPING VALUES 
SKIN LAYER 1 
USE 0.2 
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DESIGN DATA FOR WAVE EQUATION ANALYSIS 
END BEARING PILE EXAMPLE 
FIGURE 4A 
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END BEARING PILE EXAMPLE 
FIGURE 4B 
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